Introduction
Theoretical study of physical happening through mathematical modeling using governing laws is of a great importance as this way of studying is the cheapest way of analyzing the under lying physics. Alternatively experimental study requires equipment set up which costs in term of money and time. Contrary to this, theoretical investigations require less resources and provide more accurate scienti…c information. Like other theoretical sciences, theoretical and computational chemistry is the most famous …eld of the chemistry. Recently, a much attention is given to computational chemistry and homogeneous and heterogeneous chemical 1 Coresponding author: nawaz_d2006@@yahoo.com (Dr. Muhammad Nawaz) reactions in liquid regime are investigated theoretically. For example, Merkin [1] proposed a mathematical model for homogeneous-heterogeneous chemical reactions and investigated Blasius ‡ow in the presence of heterogeneous-homogeneous reaction in Newtonian ‡uid over an isothermal surface. Hayat et al. [2] analyzed the e¤ects of heterogeneous and homogeneous chemical reactions on the di¤usion of chemically reacting species in Newtonian nano- ‡uid exposed to applied magnetic …eld. However, they considered neutral ‡uid, that is not composed of charge particles and electrons. Bachok et al. [3] , theoretically, studied simultaneous e¤ects of heterogeneous-homogeneous chemical reactions on the di¤usion phenomenon of chemically reacting species in ‡uid in ‡uid regime over a surface moving with non-uniform velocity. It is noted that this work does not consider partially ionized liquid. Greesha et al. [4] investigated nonlinear convection in the presence of homogeneous-heterogeneous chemical reactions in a dual non-Newtonian ‡uid (Casson-Carreau) using Runge-Kutta numerical method. Hayat et al. [5] discussed simultaneous e¤ects of heterogeneous chemical reactions and dispersion of nano-particles in a neutral ‡uid over a rotating disk. Again it is noted that they have not considered partially ionized liquid. Sajid et al. [6] investigated homogeneous-heterogeneous chemical reactions in MHD neutral ‡uid containing F e 3 O 4 nano-particles. Qayyum et al. [7] analyzed homogeneous -heterogeneous chemical reactions in reacting species in a neutral ‡uid emitting thermal radiations in a nonlinear manner.
The partially ionized liquid in the presence of applied magnetic …eld experiences forces of more than one kinds. These forces include magnetic force due to applied magnetic …eld, force due to the collision of electrons called Hall force, force due to the collision of ions called ion slip force. It is experimentally veri…ed that Hall and ion slip forces are opposite to the force due to the applied magnetic …eld. Modelling of ‡ow of partially ionized liquid can be done using physical laws including conservation of mass [8] , momentum [8] , energy equation [8] , set of Maxwell equations [8] . The Forces due to Hall and ion slip currents can be calculated by using generalized Ohm's law [9] . Several studies on magnetohydrodynamic ‡ow of partially ionized liquid using laws mentioned in [8] have been discussed. Here, latest investigations are described. For instance, the studies mentioned in references [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] and, the references there in, discussed various e¤ects on partially ionized liquid but they do considered homogeneous-heterogeneous chemical reactions. The studies [13, 17] consider discuss the e¤ect of dispersion of nano-particles on the enhancement of heat transfer without considering transport of chemically reacting species. Obviously, they have not considered homogeneous-heterogeneous chemical reactions in partially ionized liquid. Now, it is veri…ed fact that inclusion of nanosized particles in the pure ‡uid changes thermal properties (viscosity, thermal conductivity, electrical conductivity). Di¤erent empirical and theoretical models for e¤ective viscosity, e¤ective thermal conductivity and electrical conductivity have been proposed. In this study, the models [17, 21] for e¤ective thermal properties are investigate MHD partially ionized liquid in a chemically reacting regime subject to heterogeneous and homogeneous chemical reactions.
Literature review reveals that only the studies [13, 17] discuss magnetohydrodynamic ‡ow of partially ionized liquid containing nanosized metallic particles. However, these studies [13, 17] do not consider homogeneous-heterogeneous chemical reaction of species in partially ionized liquid. Also, to the best of our knowledge, in the ‡ow of partially ionized liquid dispersion of nano-particles, heterogeneous-homogeneous reactions, heat generation, Joule heating, thermal radiations are not considered simultaneously. This article considers above mentioned e¤ects, simultaneously, on the transport of chemically reacting species in the presence of homogeneous-heterogeneous chemical reactions in partially ionized nano-liquid.
These simultaneous consideration gives set of highly nonlinear coupled problems which are di¢ cult to solve analytically but we are thankful to …nite element method which make it possible. Finite element method (FEM) is a powerful technique which is successfully employed to nonlinear problems [13, 17, [21] [22] [23] . The rest part of this manuscript is organized in …ve sections. Mathematical modeling and normalization procedures are given in section two. Solution methodology is brie ‡y discussed in section three. Section four is designated for results and their discussion. The last section contains the key observations of this study. 
Mathematical formulation
where (u; v; w) are the (x; y; z) components of velocity, k c and k e are rate constants, (A; B) are the rate of chemical species having concentration (a; b); T is the temperature of ‡uid, is the ‡uid density, is the ‡uid electrical conductivity, D A ; D B are the di¤usion coe¢ cients, e is the Hall parameter and i is the ion slip parameter respectively. q r is the thermal radiation ‡ux and is given by the Stefan-Boltzmann law is
where and k is Stefan-Boltzmann and Rosseland mean absorption coe¢ cient, T 1 is the ambient temperature. Nonlinear heat source/sink
] is taken in the fourth coming analysis. Where I 1
and I 2 are heat generation/absorption coe¢ cients respectively, To solve above set of governing equations, following boundary conditions are implemented
= k e a at z = 0;
In order to normalize the Eqs. (9)- (7), following changes of variable is suggested.
The correlations for e¤ective density ( nf ), e¤ective viscosity ( nf ), e¤ective electrical conductivity ( nf ) and e¤ective thermal conductivity (k nf ) are [17] given by
where ; k; ; ' and c p ; respectively, are density, thermal conductivity, electrical conductivity, volume fraction and speci…c heat. The subscripts f; nf and s stands for ‡uid, nano ‡uid and solid particles ( nano-particles) respectively. 2.6 10
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where Ha is the Hartmann number, Ec is the Eckert number, P r is the Prandtl number, is the velocity ration parameter, w temperature parameter, N R is the radiation parameter, K is the homogeneous reaction strength, K s is the heterogeneous reaction strength, Sc is the Schmidt number and " is the Di¤usion ratio coe¢ cient.
If di¤usion coe¢ cients for chemical species are same then " = 1 which yields
The expressions for above dimensionless problems are
Normalized wall shear stress (skin friction coe¢ cient C f ; C g ) and normalized wall heat ‡ux (Nusselt number N u), respectively, are
where Re = c(x + y) 2 = f and is the local Reynolds number.
3 Numerical procedure
Ha Pr Ec
( w 1) is increased (see Fig. 3 ). Fig. 4 displays the behavior of x component of velocity of partially ionized liquid when (= d=c) is less than unity. Therefore, it is concluded that x component of velocity decreases when the stretching rate of elastic sheet in y direction is greater than the stretching rate in x direction. The e¤ect of variation of intensity of magnetic …eld on the ‡ow of partially ionized liquid in x direction is displayed by Fig. 5 and 11 which show that ‡uid experiences an opposing magnetic force and consequently, ‡ow slows down when intensity of magnetic …eld is increased. A signi…cant reduction in boundary layer thickness is observed due to an increase in the intensity of magnetic …eld. The e¤ect of nano-particles F e 3 O 4 ; Ag; Al 2 O 3 and T iO 2 on the transport momentum is given by Fig. 6 and 12 . In Fig. 6 the e¤ect of ' on x component of velocity of T iO 2 nano-liquid is greater than the velocity of Fig. 15 . It is founded from Fig. 15 that temperature of ionized nano-liquid decreases when power-law index n is increased. This decreased in temperature is obvious because power law index n appears in the denominator of heat generation terms in energy Eq. 13 and an increase in n slows down heat generation. Consequently, temperature decreases. The parameter is the ratio of stretching rate d in y-direction to the stretching rate c in x-direction and in ‡uence of this stretching rates parameter is shown in Fig. 16 This graphical representation in Fig. 16 depicts that for d < c , temperature has a decreasing trend and so is thermal boundary layer thickness. The intensity of the magnetic …eld has profound e¤ect on the temperature of nano- ‡uid. The Ohmic dissipation is directly proportional to the square of the magnitude of current density and current density is proportional to the velocity of ‡uid and intensity of magnetic …eld. This implies that the Ohmic dissipation is directly proportional to the intensity of magnetic …eld. Therefore, an increase in Ohmic dissipation with an increase in magnetic intensity is expected. Amazingly, present theoretical results depict the same physics as is expected. Further, the heated dissipates due to Joule heating adds to the ‡uid and consequently, temperature of the ‡uid increases as shown in Fig. 17 . Di¤erent type of nanosized metallic particles are dispersed in partially ionized liquid. This dispersion of nanosized particles increases the e¤ective thermal conductivity of the mixture, the mixture of nano-particles and base ‡uid and resultant the process of heat transfer is enhanced due to which ‡uid temperature of ionized liquid rises. This fact is displayed in Fig. 18 . It is also observed that mixture of base ‡uid and F e 3 O 4 nanoparticle has highest e¤ective thermal conductivity as compare to the e¤ective thermal conductivity of mixture containing Ag; Al 2 O 3 and T iO 2 nano-particles. Hence, the dispersion of Ag; Al 2 O 3 and T iO 2 nano-particles in nano-liquid is recommended for the highest thermal e¢ ciency.
The partially ionized liquid is assumed to be thermally radiative. The e¤ect of thermal radiations on the temperature of partially ionized liquid is examined theoretically and consequent temperature curves are displayed in Fig. 19 . Electromagnetic waves carry thermal energy away from liquid regime which results a signi…cant decrease in temperature of the ionized liquid. The behavior of temperature …eld under non-uniform heat generation is sketched in The concentration …eld decreases when Schmidt number Sc is increased. An opposite trend of concentration boundary layer thickness verses Schmidt number is noted (see Fig. 23 ).
An increase in power-index of wall-velocity is responsible for a signi…cant increase in the concentration boundary layer thickness. This is observation can be seen in Table 2 . It can be observed from numerical values given Table 2 that wall shear stresses in x direction decreases when Hall and ion slip parameters are increased. However, wall shear stress in y direction increases when
Hall parameter is increased whereas wall shear stress is decreased by increasing the ion slip parameter. Wall heat transfer rate is greatly a¤ected by electron collisions and ion collisions.
During numerical experiments, it is noted that the wall heat transfer rate increases when ion slip parameter is increased whereas wall heat transfer rate is increased by an increase in Hall parameter. Normalized wall shear stresses increase when the intensity of magnetic ‡uid is increased. However, monotonic increase in normalized wall heat ‡ux is noted when intensity of applied magnetic ‡uid is increased. The ‡ow of magnetized nano-liquid speeds up as the collision rates of electrons and ions are increased. Electron collisions and ion collisions cause currents called Hall and ion slip currents respectively. These currents make the moving ‡uid to experience forces which are opposite to the magnetic force (an opposing force) in this case. So it is concluded that the Hall and ion forces reduce the impact of magnetic force in x direction. Consequently, ‡ow of nano-liquid in x direction speeds up. Hence, our theoretical/mathematical analysis is completely in line with underlying physics. However, the impact of Hall force on ‡uid in y direction is opposite to the impact of force due to ion slip current on ‡uid. Moreover, motion of nano-liquid slows down as the intensity of the magnetic …eld is increased.
The in ‡uence of heterogeneous and homogeneous reaction on the concentration of reacting species is analyzed. It is observed that in ‡uence of homogeneous reaction on the concentration of species is more signi…cant as compare to the e¤ect of heterogeneous reaction. It is also noted that concentration of reacting species decreases when homogeneous and heterogeneous reaction rates are increased.
The temperature of nano-liquid in the presence of magnetic …eld increases when the intensity of the magnetic …eld is increased. This increase in the temperature of the ‡uid is due to Ohmic and viscous dissipations. However, the collisions of electrons and collisions of ions cause a signi…cant decrease in the temperature of partially ionized ‡uid. Thermal radiations play a vital role in the temperature of nano-liquid. It is observed that the temperature of nano-liquid decreases if it emits thermal radiations.
A notable decline in thermal boundary layer thickness is observed.
E¤ective thermal conductivity plays a signi…cant role in the enhancement of heat transfer in liquids. Conducted theoretical analysis has revealed that F e 3 O 4 nano-particles
give highest e¤ective thermal conductivity. Therefore, dispersion of F e 3 O 4 particles is responsible of highest enhancement of heat transfer as compare to Ag; Al 2 O 3 and T iO 2 nano-particles.
The temperature of partially ionized liquid rises due to nonlinear non-uniform heat generation. The power-law index and heat generation have opposite e¤ect on temperature and thermal boundary layer thickness.
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